The goal of this study was to omit the hazardous hydrofluoric acid for silica removal before fusion of barite-concrete. Furthermore, the goal was to establish a chemical separation technique to simultaneously determine the activity concentrations of 241 Am, 238 Pu, 239+240 Pu and 90 Sr of one sub-sample. After the fusion process, using Li-metaborate/Li-tetraborate, the colloidal silica could be successfully flocculated using polyethylene glycol (PEG-2000). A chemical separation scheme using the resins DGA-BIO-RAD AG 1-X2/UTEVA-DGA and TEVA for the actinides and DGA and Sr resin for Sr was successfully established, underlined by the quantitative 243 Am, 242 Pu and 85 Sr average tracer recoveries of at least 60%, and in best cases up to 86%.
Introduction
The nuclide vector of bioshield concrete is expected to show activation products, such as 55 Fe, 60 Co, 63 Ni, 133 Ba, 152 Eu, 154 Eu and 155 Eu, due to neutron activation. Furthermore, neutron activation of 238 U, naturally present in concrete, can lead to the activation products 238 Pu, 239, 240 Pu and 241 Am [1] . Bioshield concrete containing barite in form of BaSO 4 as main compacting component is difficult to be dissolved completely. Furthermore, due to direct neutron activation, 90 Sr can be present, with 90 Sr in the chemical form of SrSO 4 . The latter can be deduced, since activated 133 Ba is present in the form of BaSO 4 [2] .
To be able to chemically separate the actinides and 90 Sr, the bioshield concrete (hereafter called barite-concrete) has to be dissolved completely. This is difficult, because Sr is in the form of completely bound SrSO 4 . For most purposes, leaching or partial microwave dissolution is sufficient to get the elements of interest into solution. Si is a prominent component of barite-concrete; therefore hydrofluoric acid (HF) is often used to remove SiO 2 , since SiO 2 can have an influence on radionuclide separation and purification [3] . A most common fusion technique for shielding concrete is the sodium hydroxide fusion using Zr crucibles and an additional step with HF to remove Si [4] . HF has been used as pretreatment step to remove Si from radioactive slurry at the PSI laboratory [2] . For security and health reasons, it is desirable to omit HF as pretreatment before the fusion process. For the present study we tested a Li-metaborate/Li-tetraborate (80:20 w:w%) fusion technique [5, 6] with an additional step to use polyethylene glycole (PEG) to flocculate the colloidal silica [7] [8] [9] [10] .
For further chemical purification of the actinides and 90 Sr, suitable ion-chromatographic resins to perform separation were evaluated [11, 12] . Often, the actinide and 90 Sr activity concentrations are determined with two different chemical separation pathways. This is quite laborious, since two samples have to be dissolved. Moreover, inhomogeneity of samples where the actinides and 90 Sr have to be measured, favor multi-nuclide separation of one sub-sample [13] . A classical separation technique is using ion-chromatography to separate the actinides and Sr-resin to detect 90 Sr [14] . Due to the development of several transuranium specific extraction chromatography (EC) materials, such as UTEVA, TRU and TEVA (EiChrom Co.) resins [15] , EC techniques can be advantageously combined for the simultaneous determination of actinides and 90 Sr using a Sr resin [13, [16] [17] [18] [19] . The DGA resin, developed by Triskem international proved to be an excellent resin to preconcentrate tri-and tetra valent actinides [20] . In addition, the DGA is a great alternative to the TRU resin to purify 241 Am [21] .
The aim of this study was first, to test the Li-metaborate/ Li-tetraborate fusion technique without HF pretreatment to remove silicates. Second, to adapt a chemical separation technique to purify and to measure subsequently the actinides 238 Pu, 239, 240 Pu, 241 Am as well as the beta-emitter 90 Sr from the same sample.
Experimental

Preliminary experiments
The nuclide vector of barite-concrete samples from former experimental reactors at the Paul Scherrer Institute, Switzerland, had to be determined. In order to test if the fusion process is successful and the subsequent chemical separation process works without prior treatment of HF, the separation procedure, as described below, was tested with an inactive barite-concrete, with the addition of 30 Bq of 241 Am as tracer. The 241 Am tracer recovery after ashing, fusion and filtration was 99 ± 1% (number of repetitions, n = 2; uncertainties, 1 SD).
Based on these first experiments, improvements on the separation sequence could be realized, leading to the fusion and separation scheme depicted in Fig. 1 . The individual steps of the whole sequence were labelled from A-1 to F-2 and are described in detail in the following sections.
Sample preparation and removal or organic matter (A-1)
It was important to add all tracers at the beginning of the dry-ashing, fusion and chemical separation process, since it allowed the tracers and isotopes in the barite-concrete to be in equilibrium during the fusion at 1100 °C. Furthermore, possible tracer losses could then be attributed to the whole process.
An aliquot of 1 g of powdered barite-concrete was placed in a platin crucible (Pt/Au; 95%/5%) together with 2 Bq 85 Sr tracer, 20 mBq 242 Pu tracer and 20 mBq 243 Am tracer. 1 ml each of inactive Y (Y(NO 3 ) 3 )-and Sr (SrCl 2 )-carrier (2 mg/ ml Y and Sr) were added as well and the sample was dried on a hot plate at 150 °C until the weight was constant. To Fig. 1 Schematic of the fusion and the subsequent sequence of various separation steps for the determination of 241 Am, 239, 240 Pu and 90 Sr activity concentration. Fusion was done in a Pt/Au crucible (95%/5%). For better identification, the individual steps were labelled A-1 to F-2 destroy the organic matter, the crucible was then placed in a muffle furnace and the sample dry-ashed for 0.5 h at 500 °C and for 1 h at 900 °C and then left to cool to room temperature.
Fusion process and dissolution of the barite-concrete (B-1-B-3)
The dry-ashed sample, from 1 g of powdered barite-concrete, was mixed with 7 g of Li-metaborate/Li-tetraborate (80:20 w:wt%) (Spectroflux 100B, AlfaAesar) and placed in the muffle furnace at 1100 °C. For a secure handling, a helmet with vizor and heat resistant gloves had to be worn. To handle the crucible in secure distance, 30-50 cm long crucible tongs were used.
The fusion process lasted for 20 min. During the process, after 7 min and 14 min, the crucible was taken out of the muffle furnace to be shaken gently and placed back in the muffle furnace. The liquid and hot melt was poured directly into 4.5 M HNO 3 (containing 1 ml of 0.2 M PEG-2000) solution while stirring. The sample was stirred for 3 h at 60 °C, and then continued stirring, without heat, overnight [2] .
The next day, the solution was filtered using a Whatman 602 H filter to separate the SiO 2 -gel that had been produced. Finally, the filtrate was evaporated to complete dryness. The residue was dissolved with 20 ml conc. HCl, covered with a watch glass, and was evaporated again to change the medium to HCl. 0.6 g (2 ml) DGA resin was wetted with 5 ml 3 M HNO 3 in a BIO-RAD column overnight, for the actinide preconcentration step.
Preconcentration of the actinides (C-1)
The residue of the fusion process was dissolved with 50-70 ml 6 M HCl and 1 ml of conc. H 2 O 2 . While stirring, the sample was heated to 150 °C for 0.5 h. The solution was left to cool down to room temperature, to see if any more SiO 2 had precipitated. In case of more SiO 2 precipitate, the solution was filtered again using a Whatman 602 H filter. To ensure an optimum preconcentration of Am on the DGA resin, 2 ml FeCl 3 solution (20 mg Fe 3+ per ml solution) were added in case of low Fe content, and stirred for some minutes before the next step took place.
The 3 M HNO 3 solution of the DGA resin could be discarded and the resin be conditioned twice with 5 ml 6 M HCl. The solution, containing the dissolved barite-concrete sample was then passed over the DGA column and the remains were captured in a 600 ml beaker (strontium containing solution). The remaining Sr was eluted twice with 5 ml 6 M HCl and twice with 2.5 ml 3 M HNO 3 from the DGA resin. All solutions were collected in the same 600 ml beaker to be evaporated to complete dryness. Further steps for the purification of Sr are explained later (chapter: Coprecipitation of Sr with Ca, step F-1). The actinide fraction, adhered to the DGA, was then eluted with 20 ml of 0.25 M HCl/0.03 M oxalic acid.
Purification of Pu and separation of U and Th (D-1)
24.8 ml of concentrated HNO 3 were added to the actinidecontaining eluate together with 1 ml conc. H 2 O 2 . The beaker was covered with a watch glass, and heated under stirring, for 0.5 h at 150 °C (Pu was reduced mainly to Pu(IV)). For the standard anion exchange separation method, a column (20 cm long and 1 cm in diameter) was prepared with 4 g (6.2 ml) of BIO-RAD AG 1-X2 resin and conditioned twice with 10 ml 8 M HNO 3 . A Whatman GF/B filterpad was placed on top of the resin bed. To separate the U from the Am quantitatively, the UTEVA resin (0.8 g corresponds to 2 ml), was conditioned with 10 ml 8 M HNO 3 , and positioned below the BIO-RAD column.
The actinide containing solution (at room temperature), was passed through the stack of BIO-RAD/UTEVA columns and collected in a 100 ml beaker (solution A; Am containing solution). The stack was rinsed with 20 ml of 8 M HNO 3 and the waste was collected in a 50 ml beaker and reserved for further steps (solution B; Am containing solution). Pu(IV) adhered to the BIO-RAD resin.
The UTEVA resin was discarded (U-fraction). The BIO-RAD resin was rinsed with 20 ml of 10 M HCl and the solution was discarded (Th-fraction). Pu was eluted from the BIO-RAD resin with 20 ml of 9 M HCl/0.1 M HI (Pu(IV) → Pu(III)) into a 25 ml beaker (containing 0.6 ml 1 M NaHSO 4 and 0.6 ml conc. H 2 SO 4 ). The Pu-solution was evaporated, calcined, electro-deposited and measured by alpha-spectrometry (Octète PC Alpha-Spectrometer and Alpha Ensemble 8 systems (ORTEC, USA) according to [22] ).
Purification of Am and separation of U traces (E-1)
For the Am-fraction (see D-1), a DGA cartridge (0.6 g corresponds to 2 ml resin) was connected to a peristaltic pump equipped with an acid resistant tube. A 25 ml funnel was screwed on top of the cartridge. The DGA was conditioned with 10 ml of 8 M HNO 3 , and solution A was passed through the resin. The beaker and the DGA were rinsed with 5 ml of 8 M HNO 3 . Solution B was passed through the DGA and the beaker and resin were rinsed with 5 ml of 8 M HNO 3 . The resin was rinsed separately with 8 M HNO 3 . If the DGA showed still traces of Fe (yellow to orange color) it was rinsed three more times with 5 ml of 8 M HNO 3 . Possible traces of U were then rinsed with 15 ml 0.1 M HNO 3 , the tubes were emptied completely, and the collected solutions were discarded. Am was eluted with 35 ml 0.1 M HCl/0.03 M NaNO 2 . The solution was evaporated to complete dryness. To reduce traces of organic matter from the DGA resin, the residue was twice dissolved in 1 ml conc. HNO 3 , and evaporated subsequently. Finally, the residue was dissolved with 1 ml conc. HCl and evaporated.
Separation of the lanthanides to purify Am (E-2)
For the standard lanthanide separation, 0.5 g (1.4 ml) TEVA resin was placed in a Poly-Prep chromatography column (BIO-RAD: Cat. Nr. 731-1550) and rinsed with deionized H 2 O to remove air bubbles. The resin was then conditioned with 5 ml 2 M NH 4 SCN-0.1 M HCOOH. The Am containing residue was dissolved in 5 ml 2 M NH 4 SCN-0.1 M HCOOH and passed through the TEVA column. The beaker and the TEVA column were rinsed with 5 ml 2 M NH 4 SCN and 10 ml 1 M NH 4 SCN. All rinsing solutions were discarded.
Finally, Am was eluted with 20 ml 2 M HCl into a 25 ml beaker containing 0.6 ml 1 M NaHSO 4 and 1 ml conc. H 2 SO 4 . The Am containing solution was evaporated, calcined, electro-deposited and measured with alpha-spectrometry (Octète PC Alpha-Spectrometer and Alpha Ensemble 8 systems (ORTEC, USA) according to [22] ).
Coprecipitation of Sr with Ca (F-1)
The evaporated Sr-fraction (see C-1) was dissolved twice with 20 ml of conc. HNO 3 and 1 ml conc. H 2 O 2 and was twice evaporated to dryness. The residue was then dissolved with 20-50 ml 8 M HNO 3 while heating at 150 °C. After cooling the sample to room temperature, SiO 2 was filtered using a membrane filter. The filtrate was transferred to a 600 ml beaker and diluted with deionized H 2 O to 200 ml in total. 10 g of sodium citrate (C 6 H 5 Na 3 O 7 ) were added and dissolved completely under stirring. Concentrated ammonium hydroxide (NH 4 OH) was added until pH 5-6 was reached (the solution turns yellowish-green). The precipitation of Ca/Sr was started by adding 4 g of ammonium oxalate ((NH 4 ) 2 C 2 O 4 ). To enhance the precipitation of Ca/Sr 1 g of (CaNO 3 : 100 mg Ca/ml solution) Ca-nitrate solution was added and the sample was stirred. More Ca-nitrate solution was added in steps of 1 ml, until no further precipitation occurred. The samples were stirred until they reached room temperature and were then left for 3 h to sediment.
To test if the precipitation was complete, 2 ml of the supernatant were filled in a glass tube and 2 ml of ammonium oxalate solution (0.01 g ammonium oxalate/ml solution) were added. No visible precipitation of Ca meant that the precipitation was complete. If not, more ammonium oxalate was added, and the test was repeated 3 h later. The precipitate was left to sediment overnight (at least 15 h), and then the supernatant could be discarded. The residue was transferred into a centrifuge vial and was rinsed with ammonium oxalate solution by centrifuging (3500 rpm for 10 min at 20 °C). This step was repeated until the supernatant was completely transparent. The supernatant was discarded and the residue transferred into a 100 ml beaker by using stepwise conc. HNO 3 , in total 30 ml. The sample was covered with a watch glass and heated for about 3 h at 200 °C until the residue was dissolved and no more nitrous gasses were built. In case the residue was not dissolved completely, more conc. HNO 3 was added. Finally, the solution was evaporated to dryness.
Separation of Sr (F-2)
The Sr containing residue (see F-1 last paragraph) was dissolved with 15 ml 8 M HNO 3 . If the solution was not clear and colorless, 1 ml of conc. H 2 O 2 was added and the sample was heated again to 150 °C. In case there remained undissolved residue, it had to be filtered and rinsed with a few ml of 8 M HNO 3 .
1 g (3 ml) of Sr resin was transferred in an empty glass column (20 cm long; 1 cm diameter) for the standard Sr separation. The resin was conditioned with 3 ml 0.5 M HNO 3 and a Whatman GF/B filter pad was placed on top. The resin was conditioned with 5 ml 8 M HNO 3 . The dissolved Srfraction was passed through the column. The beaker and the column were rinsed twice with 5 ml 8 M HNO 3 . Thereafter, the column was rinsed twice with 10 ml 8 M HNO 3 .
Sr had to be eluted immediately with 10 ml of 0.05 M HNO 3 , since the 90 Y ingrowth started as soon as the rinsing with 8 M HNO 3 had stopped. The Sr eluate was evaporated and dissolved in 2 ml of toluene sulfonic acid solution (12.5 ml toluene sulfonic acid mixed with 37.5 ml deionized water) and mixed with 18 ml of Ultima Gold LLT cocktail. The 90 Y ingrowth was measured by liquid scintillation counting (LSC: Tricarb 2200, Packard, with an external 133 Ba source).
Results
After the ashing at 900 °C, the fusion at 1100 °C and the flocculation of SiO 2 -gel of inactive barite-concrete, very high 241 Am tracer recoveries were found in the dissolved melt (99 ± 1%, number of repetitions, n = 2; uncertainties, 1 SD). Since the Gamma-measurements (high-resolution gamma-ray spectrometrie with HPGe Detector) revealed Eu activity-concentrations in the decommissioning sample (see Table 1 ), a lanthanide separation step using the TEVA column was added (see Fig. 1, E-2) .
The next experiments were done on inactive bariteconcrete and slightly-activated barite-concrete sampled for decommissioning, according to Table 2 , with the addition of the tracers 85 Sr, 243 Am and 242 Pu. Stable recoveries of at least 66% were found for 242 Pu and 85 Sr, however for 243 Am, the recoveries clearly showed a higher variation level (Table 2) . Overall, the fusion and chemical separation technique for two samples lasted 4-5 days, without considering the measurement time of the separated radionuclides.
The elemental composition of the two barite concretes was measured (Table 3) . This is important, since some elements may interfere during the chemical separation of Am, Pu and Sr and thus cause a reduction in tracer recovery. Therefore, 1 g each of both investigated barite-concretes were dry-ashed, fused and the SiO 2 was filtered. Due to the activity concentrations of 133 Ba and 152 Eu, higher than the permitted limit (see Table 1 ) in barite-concrete for decommissioning, the samples had to be diluted by a factor of 125 before they were measured with an ICP-OES (Inductively coupled plasma-optical emission spectrometry; measures the composition of elements in a dissolved sample).
The inactive barite-concrete consists of 2.4 times more Ca and 3.4 times more K, yet 11 times less Fe than the bariteconcrete meant for decommissioning ( Table 3 ). The Sr found in both samples in Table 1 reflects the 2 mg of Sr-carrier added. However the Y content in Table 1 is so low, that the Y-carrier was definitely lost during the preparation steps of the sample. During dry-ashing, Y in form of Y(NO 3 ) 3 undergoes several thermal reactions and at higher temperatures loses NO x . Y will then be in the Form of the thermostable Y 2 O 3 which will be dissolved in the fusion step. It could be assumed that the Y 3+ will coordinate with the silica-gel after fusion and thus be filtrated from the solution. Since the U detection limit of 0.0125 mg/g of the ICP-OES is quite high, the expected small U content of the barite concrete could not be detected. In addition, some remaining SiO 2 -gel could still be detected in both samples, despite the SiO 2 flocculation process with PEG-2000.
Discussion
When shielding concrete is reinforced by BaSO 4 , the resulting density of the concrete is higher than 3 g/cm 3 . Therefore, conventional dissolution techniques, such as leaching or microwave digestion, will not succeed in fully decomposing the material. Specialized fusion techniques have to be applied such as sodium hydroxide fusion [4] or Li-metaborate/Litetraborate fusion [2, 5, 6, 8] . The high 241 Am tracer recovery of 99% ± 1% (number of repetitions, n = 2; uncertainties, 1 SD) in the acid solution after dry-ashing and fusion of the barite-concrete as well as after flocculation of the colloidal silica showed that Li-metaborate/Li-tetraborate method using Pt/Au crucibles is highly suitable for Am recoveries in bariteconcrete. The sodium hydroxide fusion, using Zr crucibles was not investigated in this study, since it may lead to an americium incorporation in Zr [9] . When silica is not removed, there is a great risk that the slow precipitation of the colloidal silica clogs the chromatographic columns [7] , which may lead to a reduction in the recovery of the actinide and Sr tracers. Therefore, the polyethylene glycol (PEG-2000) method was applied, according to [8] , to remove silica quantitatively. The colloidal silica that is flocculated can either be centrifuged [7] or it can be filtrated [8] , where the latter was applied in the current study. Remaining silica could be found after the dry-ashing, fusion and filtration of SiO 2 using PEG-2000. Therefore, SiO 2 may have clogged the DGA coulumn for the preconcentration of the actinides, which is a possible explanation for the variations in 243 Am recoveries found in this study. A solution could be to use PEG-6000 instead of PEG-2000, as suggested by Gagné et al. [9] , as a better and faster phase separation of the flocculated colloidal silica from the supernatant has been shown, possibly improving the silica removal efficiency. Another explanation for the variations in 243 Am recovery could be the long separation and purification procedure for Am. Besides 243 Am, the recoveries of 242 Pu and 85 Sr for inactive barite-concrete and barite-concrete from a decommissioning project are quantitative and show only minor fluctuations. Concerning the 85 Sr purification using the Sr resin, Ba, Ca and even K at high levels (see Table 3 ) may influence the Sr recovery [23, 24] . The missing Y-carrier after dry-ashing, fusion and SiO 2 filtration might also have an impact on the Sr precipitation step, thus reducing the Sr recovery. As a consequence, the Y-carrier should be added just before the actinide preconcentration step.
The very successful dissolution and separation technique presented in this study is quite laborious. Future steps to further optimize the separation scheme of the actinides and Sr, could be to apply an adapted 5 column separation as shown by Dai et al. [21] , and to improve the colloidal silica flocculation by using PEG-6000 instead of PEG-2000.
Conclusion
The current study demonstrates that the Li-metaborate/Litetraborate (80/20 w/w%) fusion technique is a suitable method to dissolve hardened barite-concrete for quantitative analysis of multiple radionuclides. Furthermore, the flocculation of the colloidal silica with polyethylene glycol (PEG-2000), quantitatively removes SiO 2 from the dissolved sample. The analysis sequence completely omits the use of hazardous hydrofluoric acid. The remarkable recoveries achieved for the tracers 242 Pu, 243 Am and 85 Sr prove that the presented separation technique is suitable to determine the activation products 241 Am, Pu and 90 Sr in barite-concrete. However, the laborious fusion and chemical separation technique (4-5 days for 2 samples) may be further optimised, e.g. by testing PEG-6000 for faster flocculation of silicate, or an improved 5-column chemical separation technique [20] . Using the latter, the step of Ca-oxalate precipitation of Sr and the additional lanthanide separation step could potentially be omitted. 
